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SUMMARY 

a0424 
,Methods for  predicting the base flow environment in supersonic flow were  

reviewed. Only those methods which were  analytical in approach were  
selected for  discussion. The mer i t s  and the limitations of each selected 
method a r e  discussed. 
such as including heat-transfer effect o r  expanding two-dimensional-flow 
theory to  three-dimensional-flow theory. 

In some cases ,  means of improvement a r e  suggested, 

Of the methods selected, p r imary  emphasis was placed on the two- 
dimensional turbulent wake methods of Korst ,  et a1 and Nash and the 
axisymmetr ic  turbulent wake method of Zumwalt. 
on the laminar  theory of Chapman, et al. 
developed ea r l i e r  and with a l e s s  exact but m o r e  versa t i le  theoretical  
approach than that of Nash. 
bulent wake is made by extensively modifying Korst 's  theory. The laminar  
theory of Chapman et  al in which the flow is two-dimensional, considers 
the approach boundary layer  thickness to  be zero,  and the laminar theory 
of Dennison and Baum takes into account the approaching boundary layer  
thickness and heat t ransfer  to  the base, and can be used ei ther  two-dimen- 
s ionally o r  axisymmetrically. 
turbulent wake method of Love, and the combination of Chapman's equiva- 
lent-cylinder flow-turning method with Zumwalt's method f o r  predicting 
base  p r e s s u r e s  on cones and boattails. 

Less  emphasis is placed 
The method of Korst  e t  a1 was 

Zumwalt's approach to  the axisymmetr ic  tur- 

Discus sed briefly is the semi-empirical  

.. 
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INTRODUCTION 

Many experiments have been performed and various analytical theories 

In January 1964 at the request of Aero-astrodynamics Laboratory of 
developed on the subject of base flow environment of bodies in supersonic 
flow. 
Marshall  Space Flight Center of National Aeronautics and Space Administra- 
tion, a review of l i t e ra ture  on the base flow environment for bodies of 
revolution in supersonic turbulent flow was initiated by  LMSC/Huntsville 
Research  & Engineering Center. 
methods for  predicting the base flow environment, to  recommend the bes t  
approach, and to develop a computer p rogram which p r imar i ly  computes 
base pressure .  

The purpose of this review is to determine 

A completely satisfactory method has not yet been found. However, 
severa l  comprehensive approaches do exist, each of which has  its own 
merits and limitations. 
report .  

A crit ique of these approaches is presented in this 
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1 . :  
TECHNICAL DISC USSION 

xumerous  analytical approaches to solving the problem of base p r e s s u r e  
have been postulated and examined. 
Lvidely accepted. 
data as  analytical input. These approaches,  examined in this document, are: 
(1)  theory  of Chapman, Kuehn and Larson,  (2)  Korst ls  theory,  ( 3 )  Nash's 
theory and (4) Zumwaltls method. 
dimensional bodies. 
rotaLion paral le l  to the flow. 
for  turbulent supersonic flow. 
is pr imar i ly  for laminar  flow. 
requirement  than a r e  the other three,  this  theory is discussed in l e s s  detail. 

Of these approaches,  four have been 
Each of them is self-sufficient and requi res  no experimental  

The first th ree  theories are for  two- 
Zumwaltfs method is for  a cylinder with its axis of 

The application of the theory of Chapman, et al, 
Because it is l e s s  applicable to  the present  

All methods, except that of Chapman, et al, are 

In addition to the four methods l i s ted  above, there  is the one suggested by 
E. S. Love which is t reated briefly. His method is semiempir ical  in nature 
and it represents  a somewhat different school of thought f r o m  the previous 
four. FOT the purpose of comparison, it a l so  will be presented. 

Before these theories  and methods are discussed, a flow model and a 
hypothesis proposed by Chapman which have played an important role  in  devel- 
opment of base p re s su re  theory will be discussed. 

ChaDman's Flow Model and Hypothesis (Reference 1 and 2)  

In 1951 Chapman proposed a flow model which dissects  the base  flow into 
four regions (Figure 1): 

1. Viscous flow at the trailing edge of the body 

2. 

3. 

Expansion fan at the corner  of separation 

Region behind the base between the point where the flow is skparated 
(at  point S in Figure l ) ,  to the region where recompression occurs  

4. Recompression region where the separated flow converges 

Chapman concluded the following: At the corner  of the base,  the flow is 
divided by a mixing layer  f rom the "dead-fluid" immediately behind the body. 
As the separated fluid flows downstream, it entrains  some of the fluid f rom 
the dead-fluid region because of the scavenging effect at the boundary of the 
dead-fluid region. When the separated fluid reaches the recompression 
region, its low kinetic energy segment of fluid cannot penetrate the p re s su re -  
r i s e ,  so this amount of fluid reverses  back to the dead-fluid region along the 
axis. 
dead-fluid region by the separated fluid (i. e. the mixing l a y e r )  and the mass- 
f isu? reversing back to the dead-fluid region. 
flula would be ei ther  continually injected into o r  removed f r o m  the dead-fluid 
i*e gion. 

A balance is  maintained between the mass-flow scavenged f r o m  the 

If this balance did not exist, 

To simplify the solution of th i s  balance concept, Chapman introduced the 
hypothesis of the "Dividing Streamline. As shown in Figure 1, the dividing 

2 
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Sti-earnline, j ,  divides the separated flow into two l aye r s ,  The fluid in the 
lhl-er between the s t reamline,  j ,  and the s t reamline,  IIa, (streamline IIa a t  
the outer edge of the mixing l aye r )  has sufficient velocity to negotiate the 
p re s su re - r i s e  in the recompression region and continues downstream. The 
fluid in the lower layer ,  having lower velocity, r e v e r s e s  before the p r e s s u r e -  
r i s e  anc! flows back to the dead-fluid region. 

Theory of Chapman, Kuehn and Larson (Reference 2)  

The flow model and the "dividing streamline" concept lead to the 
necessi ty  of finding a suitable mixing theory. As a resul t ,  Chapman derived 
a solution of the laminar  mixing layer. In it he reasons  that the growth of the 
thickness of the laminar  mixing layer is similar to that of the laminar  bound- 
a r y  layer ;  that is ,  the layer  grows parabolically with distance f rom the or igin 
of the layer.  
imately three times that of boundary layer  thickness. The velocity profile 
remains  constant throughout the mixing layer ,  so the velocity ratio, u-/uIza, 
is not affected by Reynolds number o r  the distance f r o m  the origin of ?ayer. 
It is only slightly affected by Mach number and the temperature-viscosity 
relations hip. 

However, the ra te  of growth of mixing layer  thickness is approx- 

With the results of this laminar-mixing-layer theory, Chapman, Kuehn 
and La r son  complete the base  p re s su re  theory for  laminar ,  two-dimensional 
flow and show that it agrees  well with experimental  measurements  carefully 
taken to meet  the theoretical  requirements. 

In this theory, the following assumptions a r e  made: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8.  

A Prandtl-Meyer expansion exis ts  at the corner  of separation. 

The static p res su re  of the separated flow (i. e. mixing l aye r )  is equal 
to that of the adjacent f ree  stream. 

P r e s s u r e  along and across  the separated flow is constant. 

The temperature-viscosity relationship is l inear.  

The Prandtl  number is unity. 

In the dead-fluid region, the velocity of flow is slow, and the c i rcu-  
lating motion is negligible. 
stant and equal to the static p r e s s u r e  of the separated flow. 

Hence the pressure is essentially con- 

The compression in  the recompression region is isentropic along 
the dividing streamline.  

In the recompression region, the total  p r e s s u r e  along the dividing 
s t reamline is equal to the static p r e s s u r e  behind the trailing shock 
and far downstream in the wake. 

3 
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. .le base pressure  is  predicted by this equation, 

f I 

j 
U 

U 
with - = 0.587 

I Ia 

As mentioned before, this theory is res t r ic ted  to two-dimensional, pure 
laminar  wake flow. In addition, the following limitations a r e  imposed: 

a. The approaching boundary layer  thickness, 61, i s  zero. .  

b. The heat t ransfer  effect at the base  i s  not considered. 

c. Besides je t  mixing, there  is no additional mass bleed f rom o r  into 
the dead-fluid region. 

Although the assumptions mentioned before have made this theory less 
exact,  within the theory's limitation it has  adequately predicted the base 
p re s su re .  The theory can be applied to both subsonic and supersonic flows. 

Korstls  Theory (References 3, 4, 5, 6 and 7 )  

Between 1954 and 1959 at the University of Illinois, Korst  and his 
assoc ia tes ,  using Chapman's flow model and the "Dividing Streamline" 
hypothesis, developed a theory to  analyze the base environment of two- 
dimensional turbulent wake. 
generate an  approximate solution which gives the velocity distributions of the 
turbulent mixing la ye r. 

To character ize  the mixing phenomenon, they 

n 
U 2 

- =  - 1 [l  + erf(n-np)] + - 1 1 (,?) e-' dB 
U IIa 2 Jn 

The base  p r e s s u r e  theory is then governed by the following assumptions: 

1. The expansion of the f ree  stream at the corner  of separation follows 
the Prandtl-Meyer solution for  the simple wave. 

4 
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3. 

4. 

5. 

6. 

7. 
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Static p re s su re  between cross-sections I1 and 111 on Figure 2 is 
that of the adjacent f r e e  stream. 

- 
j = PIIa 'b - 'IIa 

P r e s s u r e  along the mixing layer  is constant. 

P r e s s u r e  rise in the recompression region is caused by the plane 
shock in the adjacent f ree  stream. 

eIia is equal to the expansion angle, 'IIIaS The compression angle, 
as shown on Figure 2. 

In the recompression region, the total p r e s s u r e  along the r e i t t ach -  
ment s t reamline o r  the discriminating s t reamline,  d, is equal to the 
static p re s su re  behind the trail ing shock and f a r  downstream in the 
wake. The discriminating s t reamline is defined in Figure 2. 

X = 0 is at the corner  of separation. 

By satisfying the momentum equation and the law of conservation of mass, 
Korst  et a1 generalize the base pressure  theory in these three equations: 

2 

o A -  I 2 
%l = OR - np + (l-CIIa) np 

L 

where is a la rge  a r b i t r a r y  reference value. R 

A (K2) 

ana  

Here ,  the effect of approaching boundary l aye r  is included. 

5 
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le aLr3e p re s su re  can be solved by utilizing the above equations, when 
Ll, ,  

I 1  -, np and G a r e  known. Unfortunately, Korst  et a1 did not develop 
"11' U T T -  d .. 

Instead, Korst  and associates  res t r ic ted  uI I 1 la 

nPo an) solution for 6 -and 

themselves to a special  case  in which the approaching boundary layer  is thin, 
'I' UIIa  

approaching a value of zero. The resul t  of this res t r ic t ion  is that in the 

mixing layer  

so 

while 

and 

'0 

11 
With np = 0, the importance of 6I Iand  - is thereby diminished. The 

I Ia  U 

solution of op = 0 represents  the fully developed turbulent velocity profile in 

mixing la ye r. 

The equation (Kl )  now becomes 

U 1 - = - (1 + erf o) 
9 I a  2 

6 
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.. 

'f?-.e Fquations (K2), (K3) and (K4)  become 

rlR - ( l -  I 

The total ra te  of energy t ransmit ted to the wake now is 

F r o m  empir ical  information, Korst  and Tripp (Reference 8)  express  the 
je t -spreading parameter ,  a ,  with the l inear  equation 

u = 12 + 2.758 M I I a  (K10) 

7 
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The equations (K5) through (K10) cover a broad range of applications, 
namely, 

1. Mass-bleeding effect. 

2. Heat-transfer effect (i. e . ,  heat addition). 

3. Two-jet interference. 

4. Any combination of the above three i tems. 

Tke Korst  theory is the most  versati le one. 
measurements  so long as it is within i ts  limitations. 

It ag rees  well with experimental  

The theory is l imited by: 

a. It i s  for two-dimensional, turbulent wake. 

b. The approaching boundary layer  must  be thin, but not zero. 
layer  must  be small and have a finite value; say,  the lower limit of 
ratio of approaching-boundar y-layer momentum thickness to  base  
height is approximately 0.01; the upper limit is defined as l'thin''. 

The velocity profile in the mixing layer  is a fully developed, 
turbulent-flow profile. 

The 

c. 

When Korst  e t  a1 elected to res t r ic t  their  theory,  their  intention was to 
eliminate consideration of the approaching-boundary-layer effect. 
(Reference 9 )  and Cooke (Reference 10) have applied Korst ' s  theory to the 
condition of ze ro  approaching -boundary -la ye r thickne s s whe re the approach - 
ing-boundary-layer effect t ruly does not exist. 
p r e s s u r e  f r o m  Korst ' s  theory is much over-predicted. 
some incorrectness  exists in  the theory. 

Both Nash 

They found that the base 
It is concluded that 

By solving their  equations at nP = 0, Korst  et a1 inevitably define 

This means that e i ther  x = o r  6 1 ~  = 0. (x and 611 a r e  defined in Figure 2). 
In reali ty,  it is not possible for x = QD so 611 mus t  be zero. .Hence, the 
approaching-boundary-layer thickness must  be zero.  This i s  to say  that 
actually Korstls  theory is l imited to the condition of the ze ro  approaching- 
boundary-layer thickness instead of the thin approaching boundary layer .  

The assumption that in the recompression region the total p r e s s u r e  is 
. ...a1 to the static p r e s s u r e  behind the shock, i f  taken l i terally,  would 
- iicate that the point of reattachment is at the peak of the p re s su re  rise. 

is contradicts the observed phenomena in which reattachment has occurred  
.zL,fore the recompression p res su re  reaches its maximum. 

8 
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_he e r r o r  of this assumption together with the over-estimated amount 
of acse p r e s s u r e  a t  the zero  thickness tends to compensate for  the necessa ry  
iccrease  or' base p re s su re  to account for the thin-boundary-layer effect. CGA- 
-zo,uently, K o r s t ' s  theory agrees  well with experiments in  which the approach- 
.-g-boundary-layer is thin, but does not ag ree  with experiments in which the 
-3proaching thickness i s  zero. 

SdshI s Theory (Reference 9 )  

Using a s imi la r  flow model (Figure 3 )  as Chapman, Nash contributes 
iurzher improvement on base  pressure  theory. 
- - p r o p r i a t e  t reatment  of the reattachment, but he a l so  considers the effect of 
a p r o a c h i n g  boundary layer. 
Stieamline1l concept. 

Not only does he include the 

He, too, adopts Chapman's "Dividing 

He a s sumes  that 

1. 

2. 

3. 

4. 

5. 

6. 

The flow of the f ree  s t r eam expanding around the corner  of separa-  
ticn, S, follows Prandtl-Meyer expansion. 

Static p re s su re  in the separated flow region i s  equal to the 
static p re s su re  of the adjacent f r e e  stream after the expansion and 
before the recompression; i. e . ,  Pj = PIIa, Pb - - PIIa. . 
The p r e s s u r e  along the separated flow is constant. 

In the dead-fluid region, the circulating motion is negligibly slow, 
so that the p re s su re  is essentially constant. 

The Prandt l  number is unity. 

The compression along the reat tachment  s t reamline,  d, in the 
recompression region is isentropic. 

F o r  supersonic turbulent mixing, Nash a s sumes  the velocity profile lying 
between the values given by the e r r o r  function and the l inear  profile. 

However, he tentatively accepts the jet-spreading parameter ,  u, of Korst  
ana  Tripp. 
the r ea l  mixing layer  developing from the approaching boundary layer  can be 
replaced by an equivalent asymptotic mixing layer  growing over  a g rea t e r  
distance f r o m  zero  thickness. 
between the origin of this equivalent asymptotic mixing layer  and the corner  
of separat ion is assumed to be proportional to the boundary-layer momentum 
thickness a f t e r  separation. With this t ransformation of the origin of mixing 
l aye r ,  he takes into account the influence of approaching boundary layer  on 
tile separa ted  flow. 

He then shifts the origin of boundary layer  with the argument  that 

This is shown on Figure 4. The distance 

9 
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The I -er.rnient of reattachment is based on the fact that the reattachment 

-2 rezttachment s t reamline,  d, in Figure 3 is equal to the s ta t ic  p re s su re ,  
a t  the reattachment point, R , instead of equal to the s ta t ic  p re s su re  

l ies  Leiore the maximum value of p re s su re  r i s e ,  so the total p re s su re  

. 
r:: .;ind the trailing shock. The p res su re  Pr can be related to the p r e s s u r e  at 
wtt separation corner  and the base p re s su re  by 

= 0.35 'r - 'b m 
The value of 0.35 is the rough mean of the results of experimental  measure-  
ments. 

With the resolving of turbulent mixing and reattachments point, the 
Nash's theory can be expressed  by 

'b 

Y - 1  2 1 + -- MIIa 2 

- -  pb - 
PI 

- 1 Y 
Y-1 
- 

The equations shown here  a r e  for supersonic flow. 
been developed f o r  subsonic flow, but is not shown here  since it does not 
apply to  the requirement  s ta ted in the introduction. 

A different s e t  has a l so  

The base  p re s su re  prediction given by this theory agrees well with 
experimental  measurements.  
fac t s  that  

Its application, however, is l imited by the 

a. 

b. 

The theory is for  two-dimensional turbulent wake. 

The ratio of approaching-boundary-layer thickness to base height 
must  be small o r  zero. 

I 

10 
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, r ~ ~ r e  is no heat t ransfer  effect; that i s ,  no heat addition. 

& h e r e  - possibility that Nashls theory may be used to predict  the base 
2. .  - AI+*n ir- t e r m s  of the s t r e a m  function, which can be expressed  in e i ther  
cb-lindrical coordinates o r  Cartesian coordinates. However, some changes 
af the basic theory inevitably must  be made because it is very doubtful that  
assumptions (2 )  and (3 )  a r e  applicable to bodies of revolution. 
phenomena have already shown that the p r e s s u r e  along the separated flow 
behind bodies of revolution is s imilar  to the one experienced on the surface 
of a conical afterbody (Reference 11). This means that there is a p r e s s u r e  
gradient along the mixing layer  in the case  of bodies of revolution and the 
assumptions (2)  and ( 3 )  therefore  a r e  not valid. 
assumptions (2)  and ( 3 )  will somewhat effect the basic  theory. 

pr - pb 
'1 - 'b 

a: bodies of revolution because the basic  theory of Nash's i s  

The observed 

The nullification of the 

is empir ica l  Since the value 0.35 of recompression parameter  

ar.6 mainly two-dimensional, the validity of using it on the body of revolution 
becomes quczstionable. 
 lues whic;h have been obtained either empir ical ly  o r  theoretically. 

It may need to be replaced by some other numerical  

Whether the velocity profile (Equation N1)  of Nashfs  mixing theory and 
the jet-spreading parameter  (Equation K10) can be applied to the prediction of 
base  p re s su re  of bodies of revolution a l so  remains  to be seen. 
ings (Reference 12)  in regard  to the jet-spreading parameter  suggest that  a 
di i ierent  expression may be in order. 

Zumwalt 's Method (References 12  and 13)  

Recent  find- 

G. W. Zumwalt, one of Korst 's associates ,  at tempts to solve the base  
s r e s s u r e  problem of a cylinder by superimposing Karst's theory, the 
res t r ic ted  vers ion (i. e . ,  np = 0 ), on a conical flow model. 
mat ical  derivation is presented in his  Ph. D. thesis. 
fur ther  developed b y  Zumwalt and Tang to include mass-bleed in the base  
region and change of base  pressure  with respec t  to time. 

The basic  mathe- 
This concept was then 

In this method, the following assumptions are used: 

1. 

2. 

3. 

4. 

5. 

6. 

There is a Prandtl-Meyer expansion at  the co rne r  of separation. 

The approaching-boundary-layer thickness before separation i s  
negligible. 

Instead of constant pressure  and velocity-mixing, p r e s s u r e  and 
velocity gradient along the  mixing layer  is the same as that along 
a conical surface. 

There  is no p r e s s u r e  gradient normal  to the mixing layer.  

The p r e s s u r e  rise in the recompression region is caused b y  a 
plane shock in the adjacent f r ee  stream. 

The compression angle, BIIIa , is equal to the expansion angle, 

'IIa * as shown on Figure 5. 

11 
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~ 
1:: ;lie recompression region, the total p re s su re  along the d iscr imi-  
I:;+ting s t reamline,  d, is equal to the static p re s su re  behind the 
t:-ailing shock and far downstream in the wake. 

5, X = 0 is a t  the corner  of separation. 

fo reduce the grea t  amount of t r ia l  and e r r o r  required to obtain a proper  
cornbination of various parameters  used in this method, Zumwalt and Tang, 
present  a s e r i e s  of graphs of solution of their  main equations. While these 
c - rves ease  the tedious calculation, they a l so  introduce the possibility of 
si; -2icant  e r r o r  caused by  interpolation. 

J i f fer ing f r o m  Korstls Theory, this method contains an  improved jet-  
surekcling parameter .  Instead of the l inear  equations, 

o = 12 + 2.758 M 

suggested b y  Korst  and Tripp, which has  been shown to be good only for the 
flow up to and about M = 1.6, Zumwalt and Tang use 

o = 47.1 C2 

ba: t d  on good agreement  with experimental data. 

F o r  the case  of no base bleed, the mathematical  equations actually 
<-, The 
-oae r  limi: is bounded by a sting-diameter-to-base-diameter rat io  equal to 
0.25, Hence, a blunt-base cylinder (no sting) is beyond the limitation of 
: A i s  method. However, because of the supposedly near ly  constant base-  
prez > u r e  ratio in the region of small  sting-diameter-to-base-diameter ratio,  
Zumwalt and Tang extrapolate the base p r e s s u r e  rat io  to "no sting" condition, 
where the diameter ratio equals zero. 
ra t io  as a function of Mach number as shown in Figure 6 ,  and express  the 
f a i r ed  curve mathematically as  

tribe only the external flow past a cylinder mounted on a sting. 

They then replot this base  p r e s s u r e  

pb = 0.906 - En 5 ? 
f o r  1.2 2 M1 2 5.0 . 
measurements  a s  shown in References 12, 13 and 14. 

This curve agrees  relatively well with experimental  

In Reference 14, some incorrect  information is presented which should 
be  discussed before resul ts  between theory and experiment a r e  compared. 
In Reference 14 it is stated that the base p r e s s u r e  attains a minimum value 
when transit ion is at the wake throat. 
and Lees  (Reference 15), the minimum base  p r e s s u r e  occurs  when the 
t ransi t ion is ahead OI the wake throat and not at the wake throat. 
tion of base  p r e s s u r e  with respect  to the location of transit ion f r o m  laminar  

Following the reasoning of Crocco 

The var ia-  

12 
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flo\% to tur-de:i t  flow on a model of fixed length i s  shown schematically in 
F igure  7. 
sep-rated rzgion is  laminar ,  and a t  low Reynolds number. When the 
tr. .sition with i ts  accompanying turbulent flow moves into the separated 

region, the base p re s su re  drops rapidly at the beginning, because the 
~ - * r i a i  effect of turbulent flow on the mixing is more  predominant than the 

.aLreasing Reynolds number, which would have the opposite effect. Base 
p re s su re  decreases  more  gradually than does the initial s teep drop, as the 
transit ion moves forward to the base, and a s  Reynolds number increa.-2s. 
When the transit ion reaches the corner  of separation, C, base p re s su re  
increases  rapidly as Reynolds number increases ,  because of the increase  in 
thickness of boundary layer  at the corner of separation. Base p re s su re  
renches a maximum as the transition moves ups t r eam along the body. With 
L r t h e r  increase of Reynolds number, the transit ion moves toward A and the 
base p re s su re  begins to decrease  gradually. This phenomenon is caused by 
the decrease  in thickness of the local turbulent-boundary-layer at the corner  
of separation with increasing Reynolds number. 

When the transit ion locates a t  E, the flow on the body and in the 

In the case  of turbulent wake, base p r e s s u r e  is a t  a minimum, while 
transit ion terminates  and turbulence begins at the co rne r  of separation. 
This would near ly  sat isfy Korst ls  and now Zumwaltls assumption of ze ro  
approaching boundary layer.  However, it is incorrect ly  interpreted (and 
consequently stated in Reference 14) that Zumwaltls method i s  res t r ic ted  to 
iuliy developed turbulent approaching boundary layer.  
:ion near  point A instead of between B and C (Figure 7). 

This fixes the t rans i -  

There is no doubt that transition occurs  nea re r  the corner  of separation 
\r:. -2:  i s ,  between B and C in Figure 7 )  than to the forebody in the experiment  
01 deid  and Hastings (Reference 16). 
rr.*asured in this experiment is shown in Figure 8. 
or ' s sure  ratio (which means that the transit ion,  relatively speaking, is  
. -.se to the corner  of separation) is 0.538 and is less than the predicted 
6 . 5 5 2 ,  
Z..rwal t  has inherited in his method. 
rc j t r ic ted  to a thin, but not zero,  approaching boundary layer.  

The base p r e s s u r e  of a cylinder 
Here the lowest base  

This is caused by the incorrectness  of Korst ls  assumptions which 
As in Kors t ' s  theory,  this method is 

In addition to the rest r ic t ion mentioned above, Zumwaltls method is 
l imited to  

1. Cylindrical afterbody with its rotating axis paral le l  to the flow. 

2. Turbulent wake. 

3. Fully developed velocity profile in mixing layer.  

4. No heat-addition effect. 

The re  is a possibility that the l a s t  res t r ic t ion can be eliminated by some 
mathematical  modification. 

Love ' s  Semiempirical  Method (Reference 11 ) 

E. S. Love suggested in  1957 that an  analogy exists between the peak 
p r e s s u r e  rise associated with the separation of the boundary layer  and the 
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I :  
I base pressure.  

compiled angle between f r e e  s t r e a m  direction and the clear ly  defined outer 
boundary of the convergent wake, he developed a method of predicting base 
p re s su re  of bodies of revolution. Love's method is for fully turbulent 
approaching boundary layer.  
f rom this method ag rees  well with experimental measurements.  

Utilizing the method of charac te r i s t ics  and the experimentally 

It is shown in Reference 11 that the prediction 

In Figure 9, the base p re s su re  of a cylinder predicted by this  method and 

Some addi- 
by Zumwalt' method a r e  compared. 
tions may be caused by the effect of approaching boundary layer.  
tional resu l t s  of experiments with fully turbulent boundary layer  a r e  a l so  
shown in Figure 9. Generally speaking, they suggest that Love's prediction 
i s  good. Although in Reference 11 Love's method is shown to predict  the 
base  p re s su re  up to Mach 8.6, the prediction above Mach 5.1 is not quantita- 
tively substantiated by experimential results.  Therefore,  the applicability of 
this method above Mach 5.1 remains undetermined. 

The difference between the two predic-  

Comparisons of predicted and experimental  resul ts  at variou s boattail 
angles a r e  presented in  Reference 11. 
comparisons should be made. 

As data become available, m o r e  

Love's method contains no direct  provision to  account for  the effect of 
heat t ransfer  and mass bleed. 

Other Methods 

Using Chapman's method a s  a basis, Denison and Baum at Electro-Optical 
Systems Inc. , Pasadena, California,developed a method to include the initial 
boundary layer  effect in a laminar  wake flow (Reference 21). 
applies to wedges and cones and it takes into account the effect of heat t ransfer  
Calculated values of base  p re s su re  rat io  s e e m  to agree  well with experimental  
measurements .  Although this method has  been shown to predict  base p r e s s u r e  
f r o m  Mach 2.0 up to Mach 20.0, it has not yet been substantiated quantitatively 
by  experimental  resu l t s  in the hypersonic region. 
base  p r e s s u r e  with increasing hypersonic Mach numbers ,  however, ag rees  
with the suggestion of Whitfield and Pot te r  (Reference 22). 

The method 

The t rend  of increasing 

Another method of approximating base p r e s s u r e  of cone and boattail 
(Reference 23) suggests combining the equivalent cylinder method of Chapman 
as modified by  Reid and Hastings (Reference 16) with Zumwalt 's method. 
The flow along the cone (or  the boattaillis first turned to the equivalent f r ee  
s t r e a m  direction by using the appropriate isentropic compression (of Prandt l -  
Meyer expansion). 
number,  :VI* and presgure  ratio, P;/P . The equivalent cylinder value of base  
p r e s s u r e  ratio,  Pb/Pl , can be found From Zumwalt's method by using M* 

This gives an  equivalent cylinder value of local Mach 

1 
Finally,  1' 
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 LO^:^' environment in super  sonic 
. _ _  ..-:.!I i A S  :ai. yet beell develope , . :.. . , l . - i i  remains to be done in 

LI:~.:. -clir;ic.iisional I~L*UV.  Expl i ,. i i  1Jc:tter understanding of the 
i:;tzi- rs1atio:iship b?tween the t 
reco:iipression region, and ci. p r e s s u r e  at reattach- 
n i d i i ~  with the p re s su re  r i se .  
ment  of the effect of boattail upor, base ilov;,. environment. 
sonic flow i s  beirLg extensively studied. 
hypersonic range is highly desirable. 

separated flow in the 

A l s o  :ycce;;ibary is Iur ther  theoretical  develop- 

?irther investigation in the 
Present ly  super-  

16 



b 
& '  ' 

- .  

P 

bl 

Y 

U 

11 

nP 

B 

C 

'b Y 

x ,  y 

6 

A 

P 

G 

a 

c 

9 

'e 

d R 

C 

T 
? 

x 

LIST OF SYMBOLS 

p r e s  su re  

Mach number 

rat io  of specific heats 

velocity component in X or x direction 

dimensionle s s coordinate 

position parameter  

dummy variable 

- 
Crocco number,  [l -+ ----- 

, ; - ,!>: 
I .  . .' 

coordinates in  the intrinsic i s ~ r d i n a t e  sys t em 

coordinates in the refel.\ -:c, ~,,;,:..inste system 

boundary layer  thickness 

stagnation tempe ratur  s -. I .  

dersi ty  

m a s s  r d ~ e  p e r  unit width 

je t  - spreading parameti? r 

dimensionless y-coo r ---: 

total energy rate per .-I- 

net ra te  of energy traii ,&:e outside flow to the dead- 
fluid region a c r o s s  the i , x-eamline j 

:ate of energy car - '3  I ILC 1 _- :L 

m a s s  flowing between ,;itAn local coordinates v and y 
- + .LL the downstream location x by 

d j 
specific heat, constant : - I - < <  

t empera ture  

p c  density ratio,  - 
'b 
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Figure 9 - Base Pressure of a Cylinder 
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p (in order ]  

0 Reid & Hastings (16) 2.03 0,5,7.5,10,11, & 1 4  
0 Bnughman & Kochendorfer (24) 1.91 3, 5.63, 5.63, 5.63, 5.63,7, & 11 
BD Zaughman & Kochendorfer (24) 3.12 3, 5.63,5.63, 5.63, 5.63, & 11 
0 Whitfield & Pot te r  (22) 3.00 -9 

A Lchnert  8; Schermerhorn (25) 2.46 -10 
0 L o v e  (11) 2.90 -5,-10, & -15 

8 Whitfield & Pot te r  (22) L O O *  -9 

Local Mach Number,  MI 

F igure  10  - Comparison of Zumw;t!,t:-Cl~apman Method with Experimciit 
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convergence 
for cylinders 
Ref. (11) 

- 9.0 
-1 9.0 
-1 5.0 


